Abstract-Skeletal muscle weakness and decreased exercise capacity are major symptoms reported by patients with congestive heart failure (CHF). Intriguingly, these skeletal muscle symptoms do not correlate with the decreased heart function. This suggests that CHF leads to maladaptive changes in skeletal muscles, and as reported most markedly in slow-twitch muscles. We used rats at 6 weeks after infarction to measure expression of key proteins involved in SR Ca Key Words: skeletal muscle Ⅲ congestive heart failure Ⅲ muscle fatigue Ⅲ Ca 2ϩ P atients with congestive heart failure (CHF) frequently report skeletal muscle weakness and decreased fatigue resistance. These skeletal muscle symptoms are not correlated with the observed decrease in heart function. 1 This suggests that CHF leads to intrinsic defects in skeletal muscles, and several authors have described important functional and biochemical changes in skeletal muscle cells (for recent reviews see references 2-4). Even so, the mechanism(s) underlying the impaired skeletal muscle function in CHF remains unclear.
P atients with congestive heart failure (CHF) frequently report skeletal muscle weakness and decreased fatigue resistance. These skeletal muscle symptoms are not correlated with the observed decrease in heart function. 1 This suggests that CHF leads to intrinsic defects in skeletal muscles, and several authors have described important functional and biochemical changes in skeletal muscle cells (for recent reviews see references [2] [3] [4] . Even so, the mechanism(s) underlying the impaired skeletal muscle function in CHF remains unclear.
Impaired sarcoplasmic reticulum (SR) Ca 2ϩ handling has been observed in skeletal muscle cells of rats with CHF induced by myocardial infarction. [5] [6] [7] Using a rat CHF model at 6 weeks after infarction, we could only detect a subtle slowing of the SR Ca 2ϩ reuptake in single fast-twitch fibers isolated from a foot muscle. 8 However, in our rat model of CHF, changes in contractile function during stimulation are more pronounced in slow-twitch than in fast-twitch skeletal muscle; slow-twitch soleus muscles of CHF rats showed a marked slowing of relaxation followed by a decrease in force development that was not seen in control muscles. 8, 9 The aim of the present study was to determine whether skeletal muscle Ca 2ϩ handling and force production in CHF animals were changed at an early time point when changes in protein expression were minimal. Therefore we measured the expression of key proteins involved in SR Ca 2ϩ release and uptake in slow-twitch soleus and fast-twitch extensor digitorum longus (EDL) muscles of CHF and Sham rats. Furthermore, we measured myoplasmic free [Ca 2ϩ ] ([Ca 2ϩ ] i ) and force in intact single cells isolated from soleus muscles of CHF and Sham rats; these are the first simultaneous measurement of [Ca 2ϩ ] i and force in single slow-twitch fibers of rat muscles. The results show that at six weeks after infarction, there were only small changes in protein levels in CHF muscles. In accordance with these findings, [Ca 2ϩ ] i and force were not significantly different in unfatigued CHF and Sham soleus fibers. However, during fatigue there was a decrease in tetanic force without changes in [Ca 2ϩ ] i in CHF fibers that was not observed in Sham fibers.
Experimental Model
Under gas anesthesia, Wistar rats (250 to 300 g; Scanbur BK, Sollentuna, Sweden and Møllegaard, Ry, Denmark) were subjected to ligation of the left coronary artery (CHF) or a Sham (Sham) operation as described previously. 10, 11 One, 6, or 17 weeks after the primary operation, rats were again anesthetized and systolic blood pressure and left ventricle end-diastolic pressure (LVEDP) were determined by a 0.67-mm (2F) microtip pressure catheter (SPR-407, Millar Instruments Inc) inserted through the right carotid artery. Only rats with LVEDP Ն15 mm Hg were included in the CHF group in subsequent experiments. 12 After determination of LVEDP, soleus and EDL muscles were dissected free and the rats were euthanized by cervical dislocation. The experiments were approved by the Norwegian Animal Research Authority and the Stockholm North local ethical committee.
Protein Immunoblot Analysis and mRNA Quantification
Muscle membrane proteins were isolated as previously described. 13 Antibody specificity was tested by a standard Western blot protocol of 50 g of muscle membrane protein. For quantification of the different proteins a slot blot technique was used. The isolation of mRNA was done with oligo(dT)-conjugated paramagnetic beads, and mRNA expression was determined by standard Northern blot technique.
Isolation of SR Membranes and Quantification of Membrane Proteins and Tissue Electrolytes
SR membranes were isolated for determination of ryanodine receptor (RyR) and Ca 2ϩ -ATPase content as described elsewhere. 14 
Experiments on Intact Single Fibers
Six weeks after the primary operation, single fibers were manually dissected from soleus muscles as described previously. 18 Platinum clips were attached to the tendons and the isolated fiber was suspended horizontally between an adjustable hook and an Akers AE801 force transducer in a stimulation chamber. The fiber was superfused with a standard Tyrode solution; experiments were performed at 24 to 26°C. The fluorescent indicator indo-1, which was injected into the cell, was used to measure [Ca 2ϩ ] i . Successful [Ca 2ϩ ] i measurements were performed in 9 fibers from CHF rats and 10 fibers from Sham rats. In addition, 1 Sham fiber and 3 CHF fibers not injected with indo-1 were used to observe the effect of caffeine at the end of induction of fatigue. To establish the force-frequency and force- [Ca 2ϩ ] i relationships under control conditions, contractions were evoked at 1 minute intervals using 1 s trains of pulses at 10 to 100 Hz. 19 ] i giving 50% of P max , and N describes the steepness of the function. Fatigue was then produced by 250 tetani (50 Hz, 1 s duration) given at 2 s intervals. A subset of fibers were exposed to 2 mmol/L caffeine after 250 tetanic contractions and the fibers were stimulated in the presence of caffeine to produce maximal Ca 2ϩ release from the SR. 20 Recovery of force and [Ca 2ϩ ] i were followed for 30 minutes in those fibers that had not been exposed to caffeine.
Statistics
Data are presented as meanϮSEM. Student unpaired t tests were used to establish significant differences between CHF and Sham muscles. A probability value less than 0.05 was considered statistically significant.
Results

Animal Characteristics
Heart weight and the heart to body weight ratio were significantly higher in the CHF than in the Sham group (Table 1) . LVEDP was significantly increased at all 3 time points (1, 6, and 17 weeks after myocardial infarction) and increased with time in the CHF group. The systolic pressure was Ϸ20 mm Hg lower in CHF compared with Sham at 1 and 6 weeks after myocardial infarction. Heart rate was not significantly different between the two groups. Taken together, these data are consistent with a marked cardiac dysfunction in the CHF group. Further characteristics of the present rat model of CHF have been reported by us previously. 9, 11, 21 The weight and water content of soleus and EDL muscles were not significantly different between CHF and Sham groups at any time point (supplemental Table I ). Thus, CHF caused no apparent muscle atrophy or edema.
Ca
2؉ Handling Proteins
Northern and Western blots were performed on soleus and EDL in CHF and Sham at 6 weeks after myocardial infarction (supplemental Figure I ). CHF did not significantly alter mRNA or protein levels of RyR, SR Ca 2ϩ -ATPases (SERCA1 and SERCA2), phospholamban (PLB), or Na ϩ ,K ϩ -ATPase subunits in either soleus or EDL muscles.
It is difficult to detect small changes in protein concentration with Western blots and we therefore also performed functional tests to assess changes in Ca 2ϩ -ATPase, RyR, and Na ϩ ,K ϩ -ATPase. Thus, the Ca 2ϩ -ATPase content was also assessed by steady state [ 32 P] incorporation. In the soleus (28) 340Ϯ27 (4) 397Ϯ11 (13) 377Ϯ14 (18) 313Ϯ24 (4) Values are meanϮSEM (n). *Significant difference Sham vs CHF (PϽ0.05). HW indicates heart weight; BW, body wt; HR, heart rate.
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muscles the Ca 2ϩ -ATPase content was significantly higher in CHF than in Sham rats at 6 and 17 weeks, whereas it was lower in EDL muscles of CHF rats at 17 weeks ( Figure 1A) . The tissue abundance of RyR was quantified by [ 3 H]ryanodine binding. In soleus muscles RyR was slightly, but significantly, higher in CHF compared with Sham rats at 17 weeks, whereas the opposite effect was observed in EDL muscles at 6 weeks ( Figure 1B) . The Na ϩ ,K ϩ -ATPase was not affected by CHF in either soleus or EDL muscles ( Figure 1C ).
CHF had no significant effect on the total muscle content of Ca 2ϩ , Mg 2ϩ , and K ϩ in either soleus or EDL muscles at any time point (supplemental Figure II) .
Experiments on Single Soleus Fibers
Single fiber experiments were performed on soleus fibers isolated from rats 6 weeks after the primary operation. Maximum force in 100 Hz tetanic contractions was not significantly different between CHF and Sham fibers, being 409Ϯ35 kN m Ϫ2 (nϭ9) and 457Ϯ37 kN m Ϫ2 (nϭ8), respectively. Tetanic [Ca 2ϩ ] i tended to be higher (Pϭ0.05) in Sham fibers (2.59Ϯ0.62 mol/L, nϭ9) than in CHF fibers (1.05Ϯ0.32 mol/L, nϭ8). The stimulation frequency required to generate 50% of maximum force was not significantly different between the two groups, being 9.7Ϯ1.6 Hz in Sham (nϭ9) and 11.3Ϯ1.5 Hz in CHF (nϭ8) fibers.
Force-[Ca 2ϩ ] i curves were produced in fibers before induction of fatigue as described in Materials and Methods. None of the parameters deduced from these curves were significantly different between CHF and Sham fibers, although CHF fibers tended to produce a higher maximum force and to be more sensitive to [Ca 2ϩ ] i (Table 2 ). Fatigue was induced by 250 repeated tetani and mean tetanic [Ca 2ϩ ] i , and force records obtained in the first 5 and final 5 tetani are shown in Figure 2A and Figure 2C , which shows the mean tetanic [Ca 2ϩ ] i and force in the first and last ] i curve obtained under control conditions. Therefore, in CHF the decline in force during the stimulation may be caused by a reduced myofibrillar Ca 2ϩ sensitivity (ie, increased Ca 50 ) or a decreased cross-bridge force generating capacity (ie, decreased P max ). We attempted to distinguish between these two possibilities by exposing some of the fibers to 2 mmol/L caffeine at the end of stimulation protocol. This concentration of caffeine has been shown to maximally potentiate SR Ca 2ϩ release in rat soleus fibers. 20 In Sham fibers, 2 mmol/L caffeine increased tetanic force to 93Ϯ3% (nϭ3) at the start of fatigue, whereas in CHF fibers tetanic force in the presence of caffeine was increased to 74Ϯ13% (nϭ5). Thus, in CHF fibers, force could not be restored to pre-fatigue levels despite presumably saturating levels of [Ca 2ϩ ] i . In Sham fibers (nϭ10), basal [Ca 2ϩ ] i (measured immediately before the first and the last tetani) increased by 75% during activity, from 60Ϯ18 nmol/L to 115Ϯ48 nmol/L (PϽ0.05). Basal [Ca 2ϩ ] i showed little change in CHF fibers (nϭ9) being 50Ϯ10 nmol/L and 59Ϯ12 nmol/L in the first and last fatiguing tetanus, respectively. There were no significant stimulation-induced differences in the rate of SR Ca 2ϩ removal between the two groups as measured by the time taken for [Ca 2ϩ ] i to fall to 50% of its tetanic value (Table 3) . Furthermore, in fatigued muscles there were no significant differences between the groups in resting force (see Figure 2) or force relaxation times (Table 3) .
Recovery of tetanic force (70 Hz, 1 s duration) was measured at 10 and 30 minutes after the fatigue protocol and showed no significant difference between Sham (nϭ6) and CHF (nϭ6) fibers: 89.6Ϯ15.4% versus 70.1Ϯ13.9% of the original (ie, before the start of stimulation protocol) at 10 minutes and 81.4Ϯ12.1% versus 70.4Ϯ12.3% at 30 minutes. At 30 minutes recovery we also measured the force production at saturating [Ca 2ϩ ] i by producing a 70 Hz tetanus in the presence of 2 mmol/L caffeine. This resulted in full restoration of the original force in both Sham and CHF fibers (103Ϯ3.3% and 100Ϯ5.6% respectively of the original).
Discussion
This study measured soleus muscle function at 6 weeks after myocardial infarction and the major results are: (1) In control conditions, CHF did not induce any significant alterations of [Ca 2ϩ ] i and force during contractions of single soleus fibers. (2) Compared with fibers from Sham rats, single soleus fibers from CHF rats showed a reduced fatigue resistance that was not attributable to a decrease in tetanic [Ca 2ϩ ] i but rather to a combination of a decrease in myofibrillar Ca 2ϩ -sensitivity and force generating capacity.
Effects of CHF on Protein Expression and Contraction of Unfatigued Soleus Muscle
The present CHF rat model showed clear signs of severe cardiac dysfunction with major increases in heart weight, heart to body weight ratio, and LVEDP. 3 Despite this we observed no significant differences between soleus muscles of CHF and Sham rats regarding muscle weight, water content, or total content of Ca 2ϩ , Mg 2ϩ , or K ϩ . Moreover, changes in the content of Ca 2ϩ handling proteins were modest with small but significant increases observed for SR Ca 2ϩ -ATPase and RyR in soleus muscles, which is in line with previous studies on this rat CHF model. 22, 23 Thus the changes in CHF muscles were predicted to be subtle, and in accordance with this we observed no significant differences in contractile function or intracellular Ca 2ϩ handling between single soleus fibers from CHF and Sham rats under resting conditions. Furthermore, our previous studies revealed only minor changes in contractile function in unfatigued whole soleus muscles of CHF rats. 8,9 Although we did not perform fiber typing of the single fibers used in the present study, several pieces of evidence indicate that they were slow-twitch type 1 fibers. First, soleus muscles of Wistar rats contain Ͼ90% type 1 fibers, and this is not changed in the CHF condition. 9, 24 Second, the frequency required to get 50% of the maximum force in the present fibers was Ϸ10 Hz, which is very similar to that measured in intact soleus muscles but markedly lower than in single fast-twitch flexor digitorum brevis (FDB) fibers (Ϸ20 Hz). 8 
Effects of CHF on Fatigue Development
The force decline during stimulation was more pronounced in soleus fibers from CHF rats than from Sham rats, in accordance with previous in vitro and in vivo findings in whole muscles. 7, 9, 25 Surprisingly the force decrease in CHF soleus fibers was not accompanied by any decrease in tetanic [Ca 2ϩ ] i . This is in contrast to the findings in the Sham soleus fibers as well as our previously reported observations in fast-twitch fibers of both CHF and Sham rats, where there was a clear relationship between the decrease in tetanic force and [Ca 2ϩ ] i . 8 It should be noted that the lack of decline in tetanic [Ca 2ϩ ] i during fatigue does not necessarily mean that there was no decrease in SR Ca 2ϩ release. In principle, this could be the result of both a decreased cytosolic Ca 2ϩ buffering because of less Ca 2ϩ bound to troponin C combined with a decreased SR Ca 2ϩ release. 26, 27 The accelerated force decline during stimulation in the present CHF soleus fibers may be attributed to a decreased Ca 2ϩ -sensitivity of the contractile elements or a reduced 20 We found that although exposure to caffeine at the end of stimulation increased the tetanic force in CHF soleus single fibers by Ϸ10%, force was still considerably less than at the start of the stimulation protocol. Thus, the decrease in force was attributable to both reduced Ca 2ϩ -sensitivity of the contractile elements and reduced force generation by the cross-bridges.
In the present study, we followed force recovery for 30 minutes in fibers that had not been exposed to caffeine during the induction of fatigue. At 30 minutes after fatigue, the tetanic force produced in the presence of caffeine was very similar to the tetanic force before the induction of fatigue in both CHF and Sham fibers, which shows that the force decrease during fatigue was fully reversible. Although previous studies have suggested that fatigue under certain conditions can lead to increased degradation of proteins such as troponin I, 29 -31 the present finding that caffeine could restore force fully to its pre-fatigue value strongly indicate that no significant protein degradation occurred during fatigue under the present conditions.
Decreased mitochondrial capacity and impaired aerobic ATP production have been reported in skeletal muscles in CHF. 32 Therefore, CHF muscles might depend more on anaerobic metabolism during intense activity and this will result in larger changes in high energy phosphates, H ϩ and inorganic phosphate ions (P i ), than those seen in Sham muscle. In a careful study in rat skinned fibers, it was demonstrated that increases in H ϩ and P i have the most significant effect on cross-bridge force production and myofibrillar Ca 2ϩ sensitivity, 33 although recent studies indicate that increased P i has a greater effect than H ϩ ions on force productionin mammalian muscle studied at physiological temperatures. 34 Thus, a decreased oxidative capacity may contribute to the accelerated force decrease in our CHF soleus fibers during the induction of fatigue. Another possible consequence of impaired mitochondrial function in CHF muscles is increased oxidative stress caused by increased production of reactive oxygen species (ROS). Increased ROS production has been measured in limb muscles of CHF mice 35 and in the diaphragm muscle of CHF rats. 36 Recently, it has been demonstrated that muscles in both humans with chronic heart failure and CHF rats have a decreased level of antioxidant enzymes. 37, 38 Thus, we propose that the faster fatigue development in CHF soleus fibers may be attributable to impaired mitochondrial function resulting in both increased dependence on anaerobic ATP production and an increased ROS production.
Conclusions
Six weeks after coronary artery ligation, basic contractile function and intracellular Ca 2ϩ handling were not significantly different between isolated single soleus muscles fibers of CHF and Sham rats, which fit with the limited differences in the content of Ca 2ϩ handling proteins. However, CHF soleus fibers fatigue more rapidly than Sham fibers attributable to a marked decrease in myofibrillar Ca 2ϩ sensitivity and cross-bridge force production.
